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Cell cycle checkpoints are among the multiple mechanisms that eukaryotic cells possess to maintain genomic
integrity and minimize tumorigenesis. Ionizing irradiation (IR) induces measurable arrests in the G,, S, and
G, phases of the mammalian cell cycle, and the ATM (ataxia telangiectasia mutated) protein plays a role in
initiating checkpoint pathways in all three of these cell cycle phases. However, cells lacking ATM function
exhibit both a defective G, checkpoint and a prolonged G, arrest after IR, suggesting the existence of different
types of G, arrest. Two molecularly distinct G,/M checkpoints were identified, and the critical importance of
the choice of G,/M checkpoint assay was demonstrated. The first of these G,/M checkpoints occurs early after
IR, is very transient, is ATM dependent and dose independent (between 1 and 10 Gy), and represents the
failure of cells which had been in G, at the time of irradiation to progress into mitosis. Cell cycle assays that
can distinguish mitotic cells from G, cells must be used to assess this arrest. In contrast, G,/M accumulation,
typically assessed by propidium iodide staining, begins to be measurable only several hours after IR, is ATM
independent, is dose dependent, and represents the accumulation of cells that had been in earlier phases of the
cell cycle at the time of exposure to radiation. G,/M accumulation after IR is not affected by the early G,/M
checkpoint and is enhanced in cells lacking the IR-induced S-phase checkpoint, such as those lacking Nbs1 or
Breal function, because of a prolonged G, arrest of cells that had been in S phase at the time of irradiation.
Finally, neither the S-phase checkpoint nor the G, checkpoints appear to affect survival following irradiation.
Thus, two different G, arrest mechanisms are present in mammalian cells, and the type of cell cycle checkpoint

assay to be used in experimental investigation must be thoughtfully selected.

Genomic integrity is maintained by a complex network of
checkpoints that are defined as control mechanisms enforcing
dependency in the cell cycle. Within the cell cycle, both G,-S
and G,-M phase transitions are under constant surveillance for
the protection of cells from exogenous and endogenous DNA-
damaging agents. These ordered dependencies are controlled
by the regulation of certain gene products, mutations in which
can result in altered stress responses, increased mutation rates,
or genetic instability (11). Investigating the mechanisms of
genetic regulation of cell cycle checkpoints thus contributes to
an understanding of both cancer development and the re-
sponses of tumor cells to chemotherapy and radiotherapy.

Ionizing irradiation (IR) induces arrests in the G, S, and G,
phases of the cell cycle. A number of gene products that con-
trol each of these checkpoints have been identified, including
the ATM (ataxia telangiectasia mutated) protein kinase, which
appears to be critical for initiation of each of these checkpoint
pathways (12). The ATM gene is mutated in the autosomal
recessive disease ataxia telangiectasia (AT), which is charac-
terized by a pleiotropic phenotype including neuronal degen-
eration, oculocutaneous telangiectasias, immune dysfunction,
and cancer predisposition (24). Substrates and target sites of
the ATM kinase have been implicated in control of the G,
(p53, Chk2, and Mdm?2) (1, 2, 7, 16, 17, 18, 19, 25), S-phase
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(Nbs1 and Chk2) (9, 15, 33), and G, (Brcal and hRadl7) (3,
30) checkpoint pathways. Additional substrates of ATM in-
volved in these cell cycle control pathways are likely to be
identified.

Reports in the literature characterizing the defect in G,-
to-M progression after IR in AT cells have presented apparent
discrepancies. Some data demonstrate that AT cells fail to
arrest in G, after IR and continue to progress into mitosis (5,
20, 30, 32). On the other hand, other studies suggest that
irradiated AT cells exhibit a prolonged G, arrest after IR
compared to cells from normal individuals (4, 23, 27). We
investigated this apparent paradox and confirm that both phe-
notypic descriptions of cells lacking ATM activity are correct.
We show that the conclusions drawn from assessment of the
G, checkpoint abnormality in AT cells are dependent on the
cell cycle assay that is utilized and that two mechanistically
distinct types of G, cell cycle arrests occur after IR.

MATERIALS AND METHODS

Cell culture and irradiation. Epstein-Barr virus-immortalized lymphoblastoid
cell lines from healthy persons (GM0536; NIGMS Human Mutant Cell Repos-
itory, Camden, N.J.) and from persons who were homozygous for the ATM
mutation (GM 1526) or the NBS1 mutation (NBS7078A) were cultured in RPMI
1640 supplemented with 15% fetal bovine serum. Simian virus 40 (SV40)-trans-
formed human fibroblast cell lines from a normal donor (SVG; American Type
Culture Collection, Manassas, Va.), AT patients (GM5849 and GM9607;
NIGMS), and a Nijmegen breakage syndrome (NBS) patient (NBS1-LBI, gen-
erously provided by Malgorzata Zdzienicka from Leiden University, Nether-
lands) (14), human 293T cells, and tumor cell lines (human cervix cancer cell line
HeLa, human neuroblastoma cell line SY5Y, and human breast cancer cell line
HCC1937, all from the American Type Culture Collection) were all grown as
monolayers in Dulbecco’s modified Eagle medium supplemented with 10% fetal
bovine serum. All cell lines were grown at 37°C in a humidified atmosphere
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containing 5% CO,. Radiation from a '¥’Cs source was delivered at a rate of
approximately 120 ¢cGy/min.

Expression of Nbs1 constructs in NBS cells and BRCAL1 constructs in Breal
mutant cells. We generated NBS1-LBI cell lines that stably express wild-type
Nbs1 or mutant Nbs1 (serine 343 to alanine) by retroviral infection. For assess-
ment of Nbs1/p95 expression in the infectants, total cellular lysates were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in a 4 to 12%
polyacrylamide precast gel (Invitrogen, Carlsbad, Calif.). Expressed Nbs1/p95
proteins were detected by Western blot analysis with an anti-Nbs1/p95 polyclonal
antibody (Novus Biologicals Inc., Littleton, Colo.). Transfections of wild-type
BRCAL1 (generously provided by David Livingston) or mutant Brcal (serine 1423
to alanine) into a Brcal-mutant cell line HCC1937, and transfections of wild-type
ATM or kinase-dead ATM into 293T or HeLa cells were done transiently by
using Lipofectamine (Life Technologies, Rockville, Md.). For clonogenic sur-
vival assays in HCC 1937 cells transfected with Brcal constructs, 1 mg of Gene-
ticin (G-418; Life Technologies) per ml was added to the medium 36 h after
transfection.

Flow cytometric analysis. (i) PI staining. Cells were harvested at various time
points and fixed with 70% ethanol. Approximately 10° cells were incubated with
25 g of propidium iodide (PI; Sigma, St. Louis, Mo.) per ml, and DNA content
was determined with a FACSCalibur (Becton Dickinson, San Jose, Calif.). Data
were plotted by using CellQuest software; 20,000 events were analyzed for each
sample.

(ii) BrdUrd labeling and staining. Cells were pulse-labeled with 30 wM 5-bro-
mo-2'-deoxy-uridine (BrdUrd; Boehringer Mannheim, Mannheim, Germany)
for 30 min and then irradiated. At various time points, cells were harvested and
fixed in 70% methanol. Cells were then stained for both DNA content and
BrdUrd incorporation by the acid denaturation-protease method by using fluo-
rescein isothiocyanate (FITC)-conjugated anti-BrdUrd (Becton Dickinson) as
described previously (6).

(iii) Immunofluorescent detection of phosphorylated histone H3. Cells were
harvested at various time points after IR and fixed in 70% ethanol at —20°C.
After fixation, the cells were resuspended in 1 ml of 0.25% Triton X-100 in
phosphate-buffered saline (PBS) and incubated on ice for 15 min. After centrif-
ugation, the cell pellet was suspended in 100 pl of PBS containing 1% bovine
serum albumin (BSA) and 0.75 pg of a polyclonal antibody that specific recog-
nizes the phosphorylated form of histone H3 (Upstate Biotechnology, Lake
Placid, N.Y.) and incubated for 3 h at room temperature. The cells were then
rinsed with PBS containing 1% BSA and incubated with FITC-conjugated goat
anti-rabbit immunoglobulin G antibody (Jackson ImmunoResearch Laborato-
ries, Inc., West Grove, Pa.) diluted at a ratio of 1:30 in PBS containing 1% BSA.
After a 30-min incubation at room temperature in the dark, the cells were stained
with PI and cellular fluorescence was measured by a flow cytometer.

S-phase checkpoint assay. Inhibition of DNA synthesis after irradiation was
assessed as previously described (15, 20, 30). Briefly, cells were prelabeled with
10 nCi of ['*C]thymidine (NEN Life Science Products, Inc., Boston, Mass.) for
24 h. Cells were irradiated and incubated for 30 min and pulse-labeled with 2.5
wCi of [*H]thymidine (NEN Life Science Products) per ml. Cells were harvested
and fixed with 70% methanol. The amount of radioactivity was assayed in a liquid
scintillation counter. The measure of DNA synthesis was derived from resulting
ratios of *H to '*C counts per minute, corrected for counts that resulted from
channel crossover.

Clonogenic assays. Cell lines were plated in triplicate at limiting dilutions into
six-well plates, incubated for 24 h, and then exposed to a range of doses of IR (0
to 6 Gy) followed by incubation for 2 weeks. Prior to colony counting, cells were
fixed in 95% methanol and stained with crystal violet. A population of more than
50 cells were counted as one surviving colony. The mean colony counts *
standard errors are presented in the figures.
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RESULTS

ATM-dependent and -independent G,/M checkpoints. Cells
from AT patients have previously been reported to exhibit
both a defective G, checkpoint (5, 20, 30, 32) and prolonged
G, accumulation (4, 23, 27) after exposure to ionizing radia-
tion. In order to try to more fully understand this apparent
inconsistency, we evaluated the G, arrest in cells with normal
or absent ATM function at various time points by two different
assays. When a recently developed assay that uses flow cyto-
metric assessment of histone H3 phosphorylation was used to
distinguish mitotic cells from G, cells (30), cells with wild-type
ATM function were found to stop entering mitosis within the
first hour after irradiation (Fig. 1A [first column] and B). By
12 h after irradiation, these cells release from G, and begin to
reenter mitosis (Fig. 1A [first column] and B). In fact, the cells
appear to reenter mitosis somewhat synchronously and actu-
ally exhibit an increased number of cells in mitosis between 12
and 48 h after irradiation. In contrast, cells lacking ATM func-
tion continue to enter mitosis after irradiation (Fig. 1A [third
column] and B), and the absolute percentage of mitotic AT
cells does not vary very much over time after irradiation (Fig.
1B). These data are consistent with prior observations that
ATM is required for an IR-induced G,/M checkpoint and
demonstrate the rapid nature of its initiation and the tran-
sience of the arrest. Though the particular cells shown here for
comparisons are not isogenic, we have previously demon-
strated the critical dependency of this checkpoint assay on
ATM kinase activity using isogenically comparable cells (30),
and these data extend those previously published observations
with a more extensive kinetic analysis.

If the G,/M arrest is evaluated by assessing by the percent-
age of total cells with 4N DNA content by PI staining (repre-
senting cells in G, plus M), rather than directly assessing the
percentage of just mitotic cells, a very different set of conclu-
sions is reached. Cells with normal ATM function show an
increase in the number of cells with 4N DNA content within
12 h after irradiation (Fig. 1A [second column] and C). By 36
to 48 h after irradiation, the percentage of 4N-content cells
with normal ATM function returns to baseline (Fig. 1A and C).
In contrast, cells lacking ATM exhibit an exaggerated and
markedly prolonged accumulation of cells with 4N DNA con-
tent after IR (Fig. 1A [fourth column] and C). Similar results
were obtained when isogenically comparable cells were exam-
ined (Fig. 1D). Thus, not only is ATM required for the IR-
induced accumulation of cells in G,/M, but a lack of ATM
actually results in an enhancement of this accumulation. In
addition, the G, arrest evaluated by this yardstick occurs later
and lasts longer than the arrest assessed by counting mitotic
cells.

FIG. 1. Early G,/M checkpoint and late G, accumulation. (A) Flow-cytometric profiles of cell cycle distribution before (0 h) and at the
indicated time points after IR. Staining for DNA content (PI; y axis) and for histone H3 phosphorylation (FITC; x axis) is shown in the first and
the third columns. M, mitotic cell population. DNA content (PI) is shown in the second and the fourth columns. (B) Ratio (irradiated/unirradiated)
of mitotic cells (staining positive for phosphorylated histone H3) as a function of time after IR in HeLa [ATM(+/+)] and GM9607 [ATM(—/—)]
cells. Error bars represent the variation around the averages of at least triplicate samples. (C) Percentage of total cells in G,/M by PI staining as
a function of time after 6 Gy of IR in HeLa [ATM(+/+)] and GM9607 [ATM(—/—)] cells. (D) Percentage of total cells in G,/M (PI staining) as
a function of time after 6 Gy of IR in HeLa cells transfected with vector alone (vector), wild-type ATM (WtATM), or kinase-dead ATM (kdATM).

All G,/M percentages are representative of at least three experiments.
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FIG. 2. Dose dependency of the two distinct G, checkpoints. (A) Percentage of total cells in mitosis (staining positive for phosphorylated
histone H3) at early time points after different doses of IR in HeLa [ATM(+/+)] and GM9607 [ATM(—/-)] cells. Error bars represent the
variation around the averages of at least triplicate samples. (B) Dose dependency of G,/M accumulation (PI staining) at various times after IR
in HeLa [ATM(+/+)] and GM9607 [ATM(—/—)] cells. All results for are representative of at least three experiments.

These observations support the concept that there are two
separate perturbations of progression from G, into mitosis
after IR. One of these occurs very early after IR and is depen-
dent on ATM and Brcal (30). We define this as the early G,/M
checkpoint. The other response after IR, which we refer to as
G, accumulation, is independent of ATM function and is ac-
tually enhanced by the lack of ATM. The explanation for the
latter phenomenon is provided below.

Dose dependency of the two G, checkpoints. To further
characterize these two distinct G, responses, the IR dose de-
pendencies of the early G,/M checkpoint and the G, accumu-
lation were assessed. The cessation of progression of cells from
G, into mitosis at early time points after irradiation was inde-
pendent of the IR dose used over a range of 1 to 10 Gy (Fig.
2A). Though the amount of arrest was minimal in cells lacking
ATM, these cells also exhibited no dose dependency in this
dose range (Fig. 2A, right). Decreases in the arrest became

apparent at doses less than 0.4 Gy (data not shown). In con-
trast, the amount of G, accumulation over time as assessed by
PI staining was dose dependent between 1 to 10 Gy (Fig. 2B).
Though quantitative differences were predictably observed,
this dose dependency was seen both in cells with ATM and in
cells lacking ATM function. Though only these representative
cell lines are shown here, several different cell lines with and
without ATM function showed the same characteristics. The
dose of IR also influenced the duration of the G, accumula-
tion, with higher doses leading to longer accumulation periods
(Fig. 2B). Thus, dose dependency is another feature distin-
guishing the IR-induced early G,/M checkpoint and G, accu-
mulation.

Links between S phase and G, accumulation. The differ-
ences noted in the time courses of the early G,/M checkpoint
and the G, accumulation have certain implications for mech-
anisms underlying the processes. Since the early G,/M check-
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FIG. 3. Most cells accumulating in G,/M after IR come from S phase. (A) Schematic representation of cell cycle progression after IR.
Characterized checkpoints are labeled with asterisks. [, G, checkpoint, which is p53 dependent and occurs at restriction point; [J, ATM-dependent
S-phase checkpoint, which occurs throughout S phase; 0, G,/M checkpoint, which is ATM dependent and occurs about 30 min prior to
chromosome condensation. The early G,/M checkpoint measures the inhibition of cells that are in G, at the time of IR from entering mitosis. G,/M
accumulation, which is ATM independent, measures the accumulation of cells that were in S phase (or G,) at the time of irradiation. (B) HeLa
[ATM(+/+)] and GM9607 [ATM(—/—)] cells were labeled with 30 uM BrdUrd for 30 min and then irradiated with 6 Gy. The top row shows
flow-cytometric dot plots of BrdUrd labeling on the ordinate and DNA content on the abscissa before IR and 24 h after IR. The BrdUrd-positive
cells (labeled R1) were gated and displayed as DNA content versus cell counts in the bottom row.

point is measurable very shortly after the irradiation, this arrest
must reflect the failure of cells that were in G, at the time of
the irradiation to progress into mitosis. In contrast, in order for
the number of cells with 4N DNA content to increase above
that seen prior to irradiation, cells from elsewhere in the cell
cycle must be entering G,/M (Fig. 3A). In order to formally
demonstrate that the cells that were accumulating in G,/M had
been at an earlier stage of the cell cycle at the time of irradi-
ation, cells were briefly pulse-labeled with the thymidine ana-
log BrdUrd and then irradiated and harvested for flow-cyto-
metric analysis at various times after irradiation. Uptake of the

BrdUrd label identifies cells that were in S phase at the time of
irradiation. Twenty-four hours after irradiation, the majority of
the cells remaining in G,/M were positive for BrdUrd (Fig. 3B,
top row, second column), demonstrating that the majority of
cells remaining arrested were in S phase at the time of irradi-
ation. It is noted that the BrdUrd-positive cells do escape G,
and progress back into the G, phase of the cycle (Fig. 3B,
bottom row, second column). Thus, the G, accumulation does
not appear to be a permanent arrest.

Examination of these cell cycle progression profiles in cells
lacking ATM similarly demonstrated that the majority of cells
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FIG. 4. Cell lines with defective S-phase checkpoint display prolonged G,/M accumulation after IR. (A) Quantitation of G,/M accumulation
at various times after IR in normal (GM0536), AT (GM1526), and NBS (NBS7078A) lymphoblastoid cell lines. (B) Quantitation of G,/M
accumulation in normal (SVG), AT (GM9607), and NBS (NBS1-LBI) SV40-transformed fibroblast cell lines. (C) Quantitation of G,/M accu-
mulation at various times after IR in tumor cell lines with normal p53 function (SYSY), lacking p53 (H1299), and lacking full-length Brcal
(HCC1937). All results are representative of at least three different experiments.

accumulating in G,/M are BrdUrd positive and thus were in S
phase at the time of irradiation (Fig. 3B, top row, fourth
column). It is noted that some ATM-null cells irradiated dur-
ing S phase survive and can make it back into G,, even though
these cells lack the IR-induced S-phase checkpoint. One major
difference between cells with and without ATM was that fewer
BrdUrd-positive cells had released from G,/M and reentered
G, by 24 h in cells without ATM (Fig. 3B, bottom row, fourth
column). This observation is consistent with the enhanced ac-
cumulation in G,/M seen in ATM-null cells and further dem-
onstrates that a lack of release of irradiated S-phase cells
contributes to this enhanced accumulation.

Defective S-phase checkpoints lead to prolonged G, accu-

mulation. Cells lacking ATM function lack the IR-induced
S-phase checkpoint (20, 24) and exhibit prolonged G,/M ac-
cumulation (Fig. 1 to 3). Since the majority of cells accumu-
lating in G,/M were in S phase at the time of irradiation, we
reasoned that perhaps it was the lack of an S-phase checkpoint
that resulted in an enhanced G,/M accumulation. Thus, we
investigated whether other cell types lacking an S-phase check-
point also exhibited prolonged G,/M accumulation after IR.
Nbs1 and Brcal proteins are both required for the IR-induced
S-phase checkpoint (15, 30). Similar to ATM-null cells, both
fibroblasts and lymphoblasts lacking Nbsl function exhibited
the prolonged G,/M accumulation phenotype (Fig. 4A and B).
Similarly, HCC1937 cells, which lack Brcal function and lack
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transduced Nbsl proteins assessed by immunoblotting. (B) Replicative DNA synthesis assessed 30 min after various doses of IR in the NBS1-LBI
cell lines. (C) Quantitation of early G,/M checkpoint data assessed by histone H3 phosphorylation in 293T cells transfected with empty vector or
with kinase-dead ATM (293T+kdATM), an AT fibroblast cell line (GM5849), and the stable NBS cell lines. (D) Quantitation of percentage of
total cells in G,/M as a function of time after 6 Gy of IR in the isogenic NBS cell lines. All results are representative of at least three different

experiment.

an IR-induced S-phase checkpoint, exhibit an enhanced G,/M
accumulation after IR (Fig. 4C). In contrast, cells defective in
p53 function, either because of SV40 transformation (SVG) or
lack of p53 expression (H1299), have an intact S-phase check-
point, though they lack the IR-induced G, checkpoint (13). In
contrast to the cells defective in ATM, Nbsl, or Brcal func-
tion, the p53-defective cells do not exhibit a prolonged G,/M
accumulation (Fig. 4B and C). These data demonstrate a cor-
relation between a defective S-phase checkpoint and an en-
hanced G,/M accumulation after IR.

Since Nbsl1 function is not required for the early IR-induced
G,/M checkpoint (30), we can also conclude that prolonged
G,/M accumulation does not correlate with the presence or
absence of the early G,/M checkpoint. Since AT cells lack both

the S-phase checkpoint and the early G,/M checkpoint, this
conclusion could not have been reached by using ATM-null
cells as a model. To extend these concepts beyond simple
correlation, we generated isogenic cell lines for more formal
evaluations of the links between these IR responses. Cells
lacking Nbs1 function were stably complemented with either
empty vector, wild-type Nbs1, or Nbs1 with serine 343 mutated
to alanine. Complementation with wild-type Nbs1 restored the
IR-induced S-phase checkpoint, while complementation with
the S343A mutant, though it complements several of the de-
fects in NBS cells (15, 33), failed to complement this particular
defect (Fig. 5B). All of these NBS cells exhibit a normal early
G, checkpoint after IR (Fig. 5C). NBS cells complemented
either with vector alone or with the S343A Nbsl mutant ex-
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vector, wild-type Nbsl, or S343A Nbsl were pulse-labeled with 30 wM BrdUrd 30 min before 6-Gy irradiation, and cells were harvested and
analyzed at the indicated time points after IR. (A) The DNA content of cells that had taken up BrdUrd during the pulse period was examined
at various times after IR. (B) Quantitation of the percentage of BrdUrd-positive NBS1-LBI cells in G,/M as a function of time after IR. All results
are representative of at least three different experiments. (C) HCC1937 cells transfected with empty vector, wild-type Brcal, or S1423A Brcal were
pulse-labeled with BrdUrd, and evaluations were performed as for panel A. (D) Quantitation of BrdUrd-positive HCC1937 cells in G,/M as a
function of time after IR. All results are representative of at least three different experiments.

hibited the increased G,/M accumulation (Fig. 5D). In con-
trast, NBS cells complemented with wild-type Nbsl, which
restores the IR-induced S-phase checkpoint, lost the enhanced
G,/M accumulation phenotype (Fig. 5D). Thus, a more formal
link between the S-phase checkpoint defect and enhanced
G,/M accumulation after IR is established.

We had previously seen that the AT cells exhibiting the
increased accumulation in G,/M were primarily cells that had
been in S phase at the time of irradiation (Fig. 3B). We spec-
ulated that a failure to appropriately arrest in S phase after
irradiation resulted in a prolonged arrest when the cells even-
tually got to G,. To directly establish this connection between
lack of arrest of irradiated S-phase cells and enhanced G,/M

accumulation linkage, we performed BrdUrd pulse-label ex-
periments with these isogenically comparable cells. BrdUrd-
positive NBS cells complemented with either vector alone or
S343A mutant Nbsl arrested longer in G,/M than NBS cells
complemented with wild-type Nbsl (Fig. 6). Thus, the en-
hanced G,/M accumulation appears to result primarily from
cells in S phase that fail to appropriately transiently arrest in S
phase in response to the irradiation.

NBS1-LBI cells, which exhibit prolonged G,/M accumula-
tion after IR, lack the IR-induced S-phase checkpoint but have
a normal early G,/M checkpoint. To further support the model
linking the functionality of the S phase checkpoint to the mag-
nitude of the G,/M accumulation, we also used cells with the
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TABLE 1. Association of prolonged G2 accumulation
with defective S-phase checkpoint”

Cell line and S-phase Early Go/M G, accum-  Radiation
transfection checkpoint  checkpoint ulation sensitivity
NBS1-LBI
Vector - + Prolonged 1
Wild-type Nbsl + + + +
S343A Nbsl — + Prolonged +
HCC1937
Vector - - Prolonged )
Wild-type Brcal + + + +
S1423A Brcal + - + +

¢ —, abnormal; +, normal; 1, hypersensitive.

converse phenotype (Table 1). HCC1937 cells, which lack
Brcal function and are defective in both the IR-induced S-
phase and early G,/M checkpoints (30), exhibit the enhanced
G,/M accumulation phenotype (Fig. 4D). Both the S-phase
and G, checkpoint defects are restored if we complement
these cells with wild-type Brcal, but only the S-phase check-
point is restored if we complement them with Brcal containing
serine 1423 mutated to alanine so that it cannot be phosphor-
ylated (30). Thus, HCC1937 cells expressing S1423A Brcal
have a normal IR-induced S-phase checkpoint but lack the
IR-induced early G,/M checkpoint. This is the only cell type we
are aware of that has this particular phenotype. Using BrdUrd
pulse-labeling and examining cell cycle progression of irradi-
ated S-phase cells after IR, we found that HCC1937 cells
complemented with either wild-type or S1423A Brcal lose the
enhanced G,/M accumulation phenotype (Fig. 6C and D).
Since the cells complemented with S1423A Brcal still lack the
early IR-induced G, arrest, this result convincingly demon-
strates that the early IR-induced G, checkpoint is mechanisti-
cally distinct from the G, accumulation phenotype. Further-
more, this again demonstrates that cells irradiated during S
phase that fail to exhibit an appropriate transient checkpoint
will accumulate in G,/M for a prolonged period of time (Ta-
ble 1).

Neither G,/M checkpoint abnormality is linked to radiosen-
sitivity. Saccharomyces cerevisiae cells with defective G,/M
checkpoints are hypersensitive to DNA-damaging agents (29).
Since we had generated cell lines selectively defective in one or
the other of these IR-induced G,/M checkpoints, we investi-
gated the potential impact of these checkpoints on radiation
sensitivity. NBS cells complemented with Nbsl protein mu-
tated at serine 343 exhibit an abnormal S-phase checkpoint
and prolonged G, accumulation but have clonogenic survival
similar to that of NBS cells complemented with wild-type Nbs1
(Fig. 7A). Thus, radiation sensitivity does not result simply
from loss of the S-phase checkpoint or exaggerated G, accu-
mulation. Conversely, HCC1937 cells complemented with
Brcal mutated at serine 1423 are defective in the early G,/M
checkpoint but exhibit clonogenic survival indistinguishable
from that of cells complemented with wild-type Brcal (Fig.
7B). Thus, within the limits of these assays, radiosensitivity
can be totally dissociated from each of these checkpoint de-
fects.
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DISCUSSION

If the G, checkpoint is assessed in the first few hours after
irradiation, then cells that were in the G, phase of the cell cycle
during irradiation are being evaluated. In order to be able to
determine whether cells are progressing from G, into M, the
assay used in this setting must be able to distinguish mitotic
cells from G, cells. This type of assessment reveals that AT
cells fail to arrest in G, after IR and continue to progress into
mitosis (20, 30, 32). On the other hand, if cells are evaluated at
later time points after irradiation, then the cells being evalu-
ated would have been in S phase or even G, at the time of
irradiation. PI staining, which simply measures the DNA con-
tent of cells, is the most commonly used assessment of G,
arrest. In order for this assay to demonstrate an increase in the
number of cells with 4N DNA content (representing G, plus
M), those cells must enter G,/M from elsewhere in the cycle.
We demonstrate here that G, arrest as measured by PI staining
is distinct from the ATM-dependent IR-induced G, check-
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FIG. 7. Radiation sensitivity and cell cycle checkpoint defects.
(A) Expression of wild type Nbsl (wtNbsl) or mutant Nbsl (Serine
343 to alanine, S343A) rescues the hypersensitivity of NBS1-LBI cells
in response to IR. (B) Expression of wild-type Brcal (wtBrcal) or
S1423A Brcal rescues the radiation sensitivity of HCC1937 cells. Cells
were exposed to 0 to 6 Gy of IR and incubated for 2 weeks prior to
fixation, staining, and assessment of colony formation. The clonogenic
survival assays were performed in triplicate. Standard errors are shown
by error bars.
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point and reflects accumulation of cells that had been irradi-
ated earlier in the cell cycle. In addition to different biochem-
ical control mechanisms, these two pathways exhibit different
kinetics and dose responses. Interestingly, if cells lack an IR-
induced S-phase checkpoint (which is true of cells lacking
ATM, Nbsl, or Brcal), then they exhibit a prolonged arrest
when they get to G, and show an enhanced G, accumulation.
Definitive support for these concepts was facilitated by
complementation experiments using characterized mutants of
these genes important in the S-phase checkpoint. These exper-
iments explain the apparent paradox in the ATM literature
about the nature of the G, checkpoint defect in AT and pro-
vide insights into two different mechanisms that mammalian
cells use to control cell cycle progression after DNA damage.

Checkpoints are cellular mechanisms that prevent or delay
progression through the cell cycle when DNA is damaged or
when crucial events have not been completed. In mammalian
cells, loss of cell cycle checkpoints has been linked with genetic
instability and cancer formation (11). It is conceivable, how-
ever, that cells could compensate for loss of a checkpoint in
certain settings, perhaps through initiation of a later check-
point. Our data confirm that radiosensitivity does not result
from S-phase checkpoint defects (12) and also demonstrate
directly that neither G,/M arrest abnormality alone confers
radiosensitivity. Since it has also been previously shown that
abrogation of the IR-induced G, checkpoint does not confer
radiosensitivity (26), it appears that abolition of single check-
points in mammalian cells does not directly confer radiosensi-
tivity. However, blockade of two checkpoints could act syner-
gistically in creating genetic instability or decreasing cell
viability. The observation that inhibition of the G, checkpoint
appears to more effectively sensitize cells to DNA damage if
the cells also lack the G; checkpoint (10, 21, 22, 28, 31) is
consistent with this concept. In the experiments described
here, the enhanced accumulation of irradiated cells in G, if
they failed to arrest first in S phase might reflect such a com-
pensation and theoretically could give cells more time to detect
and repair replicated damaged DNA. Such observations may
have therapeutic implications because they would predict that
blockade of a particular checkpoint pathway might have a
more pronounced effect in a cell already lacking a particular
checkpoint (as might be seen in a tumor cell) than in a normal
cell which has retained compensatory checkpoints. Thus, tar-
geting such pathways could have a beneficial therapeutic index.

The mechanism by which cells that were irradiated during S
phase accumulate in G, is clearly distinct from the mechanism
that keeps irradiated G, cells from entering mitosis. The latter
arrest is transient, dose independent, ATM and Brcal depen-
dent, and independent of Nbsl. In contrast, the former accu-
mulation occurs later, is dose dependent, and is ATM inde-
pendent. Perhaps the hyperaccumulation of cells in G, when
the S-phase checkpoint is defective reflects engagement of a
DNA replication checkpoint. It is reasonable to postulate that
if cells fail to appropriately arrest DNA synthesis in the pres-
ence of DNA double-strand breaks, then they would enter G,
with DNA lesions that would be sensed as not fully or appro-
priately replicated. In S. cerevisiae, though there are clear dis-
tinctions between the pathways involved in DNA damage
checkpoints and DNA replication checkpoints, mutations of
some genes can alter both responses (8, 34). Building upon the
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assays and observations presented here, we can begin to ad-
dress the molecular controls of the G, accumulation and ex-
plore overlaps and distinctions with replication checkpoint
pathways and DNA damage checkpoint pathways. Such in-
sights could eventually lead to novel approaches to selective
sensitization of tumors lacking particular checkpoint pathways.
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